As novel topological phases in correlated electron systems, we have found two examples of non-ferromagnetic states that exhibit a large anomalous Hall effect. One is the chiral spin liquid compound Pr2Ir2O7, which exhibits a spontaneous Hall effect in a spin liquid state due to spin ice correlation. The other is the chiral antiferromagnets Mn3Sn and Mn3Ge that exhibit a large anomalous Hall effect at room temperature. The latter shows a sign change of the anomalous Hall effect by a small change in the magnetic field by a few 100 G, which should be useful for various applications. We will discuss that the magnetic Weyl metal states are the origin for such a large anomalous Hall effect observed in both the spin liquid and antiferromagnet that possess almost no magnetization.
Introduction
After the discoveries of various topologically non-trivial phases in weakly correlated electron systems [1] [2] [3] [4] [5] [6] [7] [8] , it is now clear that the next place to look for novel topological phases is in correlated electron systems [9] [10] [11] [12] [13] [14] . Indeed, the hunt for such phases in correlated electron systems has been vigorously made so far. Interesting predictions that have been theoretically proposed include the Weyl semimetal phase in the iridium pyrochlore oxides [15, 16] , and the anomalous Hall conductors [16] [17] [18] [19] [20] [21] .
Here we will discuss a chiral spin liquid [10, 22, 23] and a chiral antiferromagnet that exhibit a large anomalous Hall effect [24] [25] [26] as prime candidates for novel topological phases in correlated electron systems. Conventionally, the anomalous Hall effect has been considered to be proportional to the magnetization [27, 28] . Thus, it has never been observed in spin liquids or antiferromagnets. On the other hand, recent developments in theory to understand the anomalous Hall effect indicates that the anomalous Hall current is actually driven not by magnetization but the total of the Berry curvature of all the occupied bands [28] . However, since the discovery of the anomalous Hall effect in 1880 [29] , the effect has been seen only in ferromagnets because of the fact that the Berry curvature is usually proportional to the magnetization. On the other hand, the recent theories predict that the Berry curvature could be finite even without magnetization and in zero field, and if it is the case, there should be spin liquids and antiferromagnets that exhibit anomalous Hall effects spontaneously [16] [17] [18] [19] [20] [21] . These phases in spin liquids and antiferromagnets must represent topologically nontrivial phases.
To search for such phases experimentally, we employed a strategy based on the theory for the spin chirality driven anomalous Hall effect [30] [31] [32] . The spin chirality is a solid angle subtended by neighboring three spins. According to the theory, when a conduction electron hops around these three spins, it will gain the Berry curvature proportional to the spin chirality or the solid angle. Thus, antiferromagnets with noncollinear spin texture are the best candidates that exhibit the anomalous Hall effect based on this mechanism, as opposed to ferromagnets with collinear spin order. If such a chiral antiferromagnet is found, a simple estimate shows that the Berry curvature could be as large as 100-1000 T. Obviously, the anomalous Hall effect is no longer proportional to the magnetization, and as an extreme case, the anomalous Hall effect may appear without magnetization in zero field. Such cases include i) a chiral antiferromagnet, which breaks the global time reversal symmetry, having a negligibly small magnetization [16] [17] [18] 21] , and ii) a chiral spin liquid, which has a spin liquid state with quantum mechanically or thermally fluctuating dipole moments, but has a hidden order that breaks time reversal symmetry such as a spin chirality order [19, 20] and magnetic octupole [33] . The material class that may potentially realize these chiral phases is the geometrically frustrated magnets, and indeed we have recently found these phases in the magnetic conductors that possess pyrochlore and kagome lattices. The first material we discuss here is the chiral spin liquid compound, Pr 2 Ir 2 O 7 [10, 22, 23, [34] [35] [36] . This material is one of the pyrochlore iridates [37, 38] and is one of the first compounds that have been recognized as a geometrically frustrated Kondo lattice [34] . Namely, the material possesses two interpenetrating pyrochlore lattices, each of which provides a different electronic sector. One is the Pr based pyrochlore lattice. Each Pr, which has 4f 2 configuration, provides an Ising moment of ∼ 3µ B that points along the local < 111 > direction. They interact ferromagnetically with each other and form a spin ice state below around T = 1.5 K. The other is the Ir based pyrochlore lattice. The Ir 4+ state has 5d 5 configuration, and has mainly a J eff = 1/2 state [39] . Notably, it has been recently found that the Ir 5d bands form a Fermi node at a quadratic band touching state, or so-called Luttinger semimetal state [36] . This is the same electronic structure as the one found in HgTe [40, 41] , but with a two order of magnitude smaller band width. Because of the spin ice correlation, the material does not show any magnetic longrange order down to 20 mK. The resistivity shows a minimum at ∼ 40 K and has a rather large residual resistivity due to the low carrier density [34] , consistent with the Fermi node structure [36] . While the temperature dependence of the susceptibility shows a small bifurcation between the zero-field-cooled and field-cooled curves due to a freezing of minority defect spins below around 200 mK, no magnetic order was detected in the transport, specific heat, and µSR measurements, thus indicating the ground state is a spin liquid. The material has the nearest neighbor ferromagnetic coupling scale J ∼ 0.7 K, which has been inferred from the temperature dependence of the specific heat, susceptibility and the metamagnetic transition seen under the field along the [111] axis [10] . In addition, the sister compound, Pr 2 Zr 2 O 7 , also has the spin liquid state with spin ice correlation, based on the same nearest neighbor ferromagnetic coupling scale J ∼ 0.7 K [42] . Thus, it is below 2J ∼ 1.5 K where the spin ice manifold is formed in Pr 2 Ir 2 O 7 . It is indeed in this temperature range, where a large spontaneous Hall effect, zero field anomalous Hall effect in the near absence of magnetization, has been observed [10] . As can be seen in Fig. 1 , the field dependence of the Hall conductivity shows a clear hysteresis near zero field and has a zero-field large intercept of 10 Ω −1 cm −1 at T ∼ 60 mK (Fig. 1a) . Correspondingly, the zero field anomalous Hall conductivity is found to appear below ∼ 1.5 K, and increases on cooling and finally reaches 10 Ω −1 cm −1 (Fig. 1c) . Here, all the plots in Fig. 1 are reproduced from the data published in Ref. [10] . Note the fact that this size of the anomalous Hall effect is so large that it can be only seen in a ferromagnet with the moment size of ∼ 1µ B [27, 28] . On the other hand, the magnetization curve shows almost no hysteresis (Fig. 1b) , because of the correlated paramagnetic or spin liquid state of this compound [10] . As shown in Fig. 1c , the largest size of the spontaneous magnetization is ∼ 0.01µ B , which is a few orders of magnitude smaller than that in ordinary ferromagnet. The temperature and field dependences of the Hall resistivity do not follow those of magnetization, clearly violating the empirical rule of the anomalous Hall effect, namely, ρ H ∝ M .
Large Spontaneous Hall Effect in the Spin
This large size of the anomalous Hall effect in the near absence of magnetization is striking, and calls for a new mechanism that provides a large Berry curvature in the momentum space. Taking account of the recent observation of the quadratic Fermi node [36] , one natural way of having a large Berry curvature is to have a Weyl semimetal state induced by breaking both the cubic symmetry and the global time-reversal sym- metry of the quadratic band touching. To break the time reversal symmetry in a spin liquid state, the system must have a hidden order such as spin chirality order. If such order is directional, then it should break the cubic symmetry at the same time. Because the spin ice state has a macroscopic number of degenerate states, a local spin chirality may well form a long-range order without having any freezing in magnetic dipole moments most likely along the local high symmetry axis, namely, [111] [10] . Indeed, the high anisotropy seen in the anomalous Hall effect is fully consistent with this scalar chiral order [22] . Given the fact that this system is a Kondo lattice, we may view this state as a "Weyl Kondo semimetal" phase, and it would be due to this Weyl semimetal state that the system exhibits the spontaneous Hall effect. It should also be noted that this exotic phase exists nearby the putative quantum metal-insulator transition between Pr 2 Ir 2 O 7 and Nd 2 Ir 2 O 7 [38] . Nd 2 Ir 2 O 7 is the compound that shows a thermal metal-insulator transition at T MI ∼ 30 K. Despite the fact that the energy gap is as large as 45 meV [43] , the insulating state can be suppressed by application of a magnetic field of around 10 T [44, 45] . This type of the metal-insulator transition is very rare in this class of insulator, namely, Mott insulator [46] . It would be interesting to find the Weyl Kondo semimetal phase nearby the field-induced quantum metal-insulator transition in Nd 2 Ir 2 O 7 .
Large Anomalous Hall Effect in the Chiral Antiferromagnets Mn 3 Sn and Mn 3 Ge
In nature, spin liquids are much more rarely seen than antiferromagnets. Therefore, having observed the large spontaneous Hall effect in a spin liquid state [10] , we thought that there should be a good chance to find an antiferromagnet that exhibits a large anomalous Hall effect. Thus, we have made an extensive search of such an antiferromagnet experimentally. Recently, we noticed that the chiral antiferromagnets Mn 3 Sn and Mn 3 Ge would be good candidates as they were known to exhibit weak ferromagnetism [47] [48] [49] , which might be due to the orbital magnetism, as we will discuss later. Indeed, we discovered these materials as the first examples of antiferromagnets that exhibit anomalous Hall effects [24, 25] . During our experimental study on the anomalous Hall effect in Mn 3 Sn and Mn 3 Ge, a theoretical work was published that discusses the anomalous Hall effects in these compounds based on first-principles calculations using spin structures that are different from those found in experiment [50] . Mn 3 Sn and Mn 3 Ge are hexagonal compounds with the space group of P 6 3 /mmc [24, 25] . Mn atom forms a breathing type kagome lattice (an alternating array of small and large triangles) within the ab-plane (Fig. 2a) , which is stacked along the c-axis. Because of the geometrical frustration, the material shows an inverse triangular spin structure, a 120 degree spin structure with a uniform negative vector chirality [47] [48] [49] (Fig. 2a) . In Mn 3 Sn (Mn 3 Ge), each Mn has a moment size of ∼ 3.0 (2.7) µ B /Mn, and as a result of competition between Dzyaloshinskii-Moriya interaction and single ion anisotropy, the anisotropic energy of Mn vanishes up to four orders of spin-orbit coupling. On the other hand, the small canting of Mn moments toward a local easy axis of each Mn site leads to a weak ferromagnetic state with magnetization of ∼ 3 (7) mµ B /Mn in Mn 3 Sn (Mn 3 Ge) [24, 25] . With such a small anisotropic enerygy, the coupling of the magnetic field to the weak ferromagnetism becomes essential and allows the control of the antiferromagnetic spin texture by a magnetic field.
To confirm this, we have grown single crystals of Mn 3 Sn and Mn 3 Ge grown by Czochralski method, and measured the magnetization curves at various temperatures [24, 25] . From now on, we will mainly discuss the results on Mn 3 Sn. Figure 2b indicates the field dependence of the magnetization, which confirms that the weak ferromagnetism appears below the Neel temperature of 430 K. The observed small magnetization ∼ 3 mµ B /Mn is of three order of magnitude smaller than the normal spontaneous moment in a ferromagnet [27, 28] . Thus, using the anomalous Hall coefficient known for ferromagnets, one would expect the anomalous Hall resistivity of ∼ 0.01 µΩcm for this antiferromagnetic state. However, as we will see, what we discovered here is ∼ 3 µΩcm, which is 300 times larger than the naively estimated value based on the magnetization [24, 25] . This is extremely large, and cannot be explained by the size of the magnetization and thus indicates unusual mechanism at work.
In fact, as shown in Fig. 3a , the Hall resistivity shows a sharp jump of ∼ 6 µΩcm with a small coercivity of ∼ 100 G. Using the estimate of the normal Hall coefficient of R 0 < 0.015 µΩcm/T, the field necessary to induce this size of the Hall resistivity is more than 200 T. This indicates the fictitious field of more than ∼ 200 T must exist in the momentum space of the system. On the other hand, the magnetoresistance is almost constant up to 1 T, which make it very easy to detect and estimate the Hall resistivity component (Fig. 3a) . Furthermore, the spontaneous Hall resistivity shows anisotropic character that is fully consistent with the anisotropy of the magnetization (Fig. 3b) . Namely, it only appears in the field along the ab-plane, but no spontaneous component was seen in the field along the c-axis.
Empirically, the anomalous Hall resistivity is known to be proportional to magnetization M , and the coefficient R s = ρ H /M provides a measure of the sensitivity of the anomalous Hall effect to magnetization [27, 51] . This usually takes the value of the order of 10 −4 −10 −2 cm 3 /C for ferromagnets such as Fe, Co, Ni, and Permalloy [27, 28] . To estimate R s , we measured the spontaneous magnetization M (B = 0) and Hall conductivity σ H (B = 0) using a field-cooling procedure. The observed large anomalous Hall effect in antiferromagnets is surprising and requires a special explanation for the mechanism. For the possible anomalous Hall effect in another non-collinear antiferromagnet Mn 3 Ir, whose structure can be viewed as two dimensional kagome lattice stacked along the [111] direction, Chen et al. proposes that the anomalous Hall effect may be induced by the breaking of the T M symmetry by the spin-orbit coupling, i.e. the combination of the time-reversal symmetry T and the mirror symmetry M of the kagome lattice, which is otherwise a good symmetry of a single layer kagome lattice [21] . A similar symmetry argument applies to Mn 3 Sn and the fact that magnetic ordering lowers the symmetry from hexagonal to orthorhombic one allows the system to have an anomalous Hall effect in the ab plane. Indeed, the magnetic moments on two neighboring triangles of Mn forming an octahedron can be viewed as a magnetic octupole and thus the magnetic structure of Mn 3 Sn has a uniform ferroic order of this magnetic octupole, breaking the time-reversal symmetry macroscopically [33] . In addition, the numerical calculation by Kübler et al. has revealed a large anomalous Hall effect in Mn 3 Sn [50] , while they used the magnetic structure that is different from the one observed in experiment [47] [48] [49] . The anomalous Hall conductivity can be computed by the Brillouin zone integration of the Berry curvature of all occupied bands and they found a significant enhancement of the Berry curvature particularly around the band crossing points called Weyl points [15, 52] near the Fermi energy. Using the spin structure that has been reported in the experimental literature, a recent first principles calculation has confirmed that both Mn 3 Sn and Mn 3 Ge should be Weyl metals and have the large Berry curvature due to the Weyl points near the Fermi energy to enhance the anomalous Hall effect [53] . Up to now, no confirmation has been made for the magnetic Weyl semimetal, and it is a significant subject to experimentally confirm the existence of the Weyl fermions for example by ARPES measurements and magnetotransport studies to observe the chiral anomaly [54] [55] [56] [57] [58] . In addition, this system should serve as a model system to reveal the elusive effects of Berry curvature, as the large anomalous Hall effect observed at room temperature should allow us to find novel phenomena induced by the Berry curvature using various tools that are available at room temperature.
In addition, the spontaneous zero field part of the anomalous Hall resistivity has qualitatively different response to the magnetization in comparison with the magnetic field induced part [24, 25] . This leads us to speculate that the weak FM component comes not only from the canting of the sublattice moments as in the high field regime, but from the orbital magnetization that originate from the Berry curvature that induces the large anomalous Hall effect [59, 60] . The orbital magnetization due to the Berry curvature has been discussed for various theoretical models that predict a large anomalous Hall effect in antiferromagetic states [17, 19] . In comparison with ferromagnets, antiferromagnets have much smaller spin magnetization, and therefore should provide better place to confirm the elusive weak magnetization produced by itinerant circulating current at the edge of bulk samples. It is thus interesting to examine the origin of the weak FM magnetization, in particular, the possibility of orbital magnetization.
In recent years, there is a surge in the interest in antiferromagnets in the field of spintronics [61] [62] [63] [64] [65] [66] [67] . This is because antiferromagnets usually have almost no stray field that perturbs neighboring cells and therefore, denser integration is possible by using antiferromagnets, in sharp contrast with ferromagnets that have been used as a main active component [68] . Moreover, antiferromagnets have weak sensitivity to the magnetic field and thus provide good data retention. Plus, much faster dynamics in antiferromagnets than in ferromagnets is useful for ultrafast data processing. On top, Mn 3 Sn is a stable and easily fabricable compound made of low cost elements. Thus, our finding that the large fictitious field of more than ∼ 200 T can be controlled by a few 100 G places Mn 3 Sn as a potential material that is useful for future spintronics application, including memory device and optical switching.
Summary
Here we discussed the large spontaneous Hall effects observed in both a spin liquid and antiferromagnetic states. In sharp contrast with the conventional anomalous Hall effect in ferromagnets, the effects with almost no magnetization are obviously unusual, and clearly indicate topologically non-trivial electronic structures as their origin. Our recent observations in addition to theoretical studies indeed point to the Weyl Kondo semimetal state in Pr 2 Ir 2 O 7 and the Weyl metal state in Mn 3 Sn and Mn 3 Ge. Their topologically robust properties against small perturbation such as impurity doping or disorder will be useful in their future technological application. Obviously, our findings represent the tip of the iceberg of the fascinating sets of discoveries that will be coming in the near future in the study of this new class of topological magnets.
